Thin film supercapacitors are produced by using electrochemically exfoliated graphene (G) and wet-chemically produced graphene oxide (GO). Either G/GO/G stacked film or sole GO film are sandwiched by two Au films to make devices, where GO is the dielectric spacer. The addition of graphene film for charge storage can increase the capacitance about two times, compared to the simple Au electrode. It is found that the GO film has very high dielectric constant, accounting for the high capacitance of these devices. AC measurements reveal that the relative permittivity of GO is in the order of 10 4 within the frequency range of 0.1-70 Hz.
Graphene, a two dimensional carbon material, with excellent mechanical, thermal, and electrical properties, [1] [2] [3] is an ideal candidate for developing novel devices. Large-scale production of graphene is normally via the wet-chemical production of graphene oxide (GO) using graphite powder as precursor, and then the reduction of GO to improve the conductivity.
GO sheets behave like insulators, with differential conductivity values of 1-5×10 -3 S/cm depending on the oxidation degree. 4 Reduced GO (rGO) has been used as an electrode material to make supercapacitors for energy storage. rGO electrodes can be obtained in several ways: a) by electrolyzing GO aqueous suspension containing LiClO 4 to coat porous rGO film onto a gold foil; 5 b) by vacuum filtration of rGO suspension to produce a film; 6 c)
by thermal reduction of GO films by laser scribing. 7 In most cases graphene electrodes are used in electrochemical supercapacitors. In device fabrication, an electrolyte layer is sandwiched by two rGO electrodes. In comparison, solid state capacitors that use solid dielectric spacer are very simple to fabricate. Film capacitors are conventionally made out of plastic films covered with metallic layers. The thickness of the plastic film typically ranges from 2 μm to 20 um. Due to the low dielectric constant of the plastic spacer and large thickness, such film capacitors usually have low capacitance. Though the electrical conduction and high surface-to-volume ratio of graphene play an important role in developing supercapacitors, it is worth exploiting also the insulating properties of GO with the aim of making all-graphene capacitors. It was reported that the polymer poly(vinylidene floride) containing graphite oxide nanoplates, produced by chemical oxidation of graphite with concentrated sulfuric acid and nitrate acid and following exfoliation, show high dielectric permittivity with an order of 10 4 if the volume fraction of nanoplates is 1.5%. 8 It implies that the dielectric constant of GO maybe very high. Sole GO film can be prepared with thickness less than 1 μm-thick, much thinner than the plastic layer in thin film capacitors.
We believe that the use of GO film as thin spacer in a double-layer capacitor can improve the capacitance.
A greener method for producing graphene is the electrochemical exfoliation of graphite, which is optional in terms of electrolyte and experimental conditions. The electrochemical exfoliation using aqueous electrolyte is fast and simple, and can produce graphene sheets with high quality comparable to rGO. 9 Herein, we report thin film capacitors made by combining electrochemically exfoliated graphene with wet-chemically produced GO and by using GO film as dielectric spacer. The effect of graphene electrode on enhancing the capacitance and the dielectric constant of GO are investigated.
The GO was produced by a modified Hummer's method as described in literature. 10 The final GO product was dispersed in dimethyformamide (DMF) to form a stable suspension. To produce graphene using the electrochemical exfoliation method, a piece of highly ordered pyrolytic graphite (1x1 cm bias, the HOPG expanded quickly and was thoroughly consumed within one hour. After the exfoliation, the dark-color electrolyte was centrifuged at 3000 rpm for 30 min to remove large agglomerates. The remaining dispersion was further diluted with DI water and vacuum filtered onto a porous polymer membrane. The black product obtained in this way was ultrasonically dispersed in DI water and filtered again. This process was repeated three times to ensure the removal of chemical residues. Afterwards, the product was dispersed in DMF.
Suspensions of GO or electrochemically exfoliated graphene (G) are used to make either GO or G/GO/G stacked films by using a vacuum filtration method. The film thickness onto the porous alumina membrane (Whatmann Co., pore size 100 nm) can be controlled by the volume of suspension for filtration. We tested a 100 nm GO film and a 100 nm electrochemically exfoliated graphene film on glass substrates by four-probe sheet resistance measurement. The sheet resistance of the GO film is in the order of MΩ/sq, and that of the graphene film is KΩ/sq. We conclude that the graphene we made is comparable to rGO in electrical conduction. 11 Field-emission scanning electron microscopy (FE-SEM, Zeiss Sigma VP) images of the GO and G/GO/G stacked films are shown in Fig. 2 . A top-view FE-SEM image of a GO film is shown in Fig.   2 (a). We tore the films to observe their cross-sections and to measure their thickness by FE-SEM. Figure 2 (b) shows a tilt-view of a free-standing G/GO/G stacked film.
The capacitor performance of the two devices, D1, and D2, were analyzed using cyclic voltammetry (CV), from which the capacitance can be extracted. The capacitance can be calculated from the CV curve by using the current I and scan rate dV/dt, as C=I/(dV/dt), where the value of I is taken at V=0. The specific capacitance against scan rate for the two devices is plotted in Fig. 4(a) . Overall, the capacitance decreases with the scan rate from 10 mV/s to 500 mV/s. D1 and D2 have the same interdistance (400 nm) between the two opposite Au films. However, the capacitance of D1 is over two times that of D2 because of the added graphene film between GO and Au. Cheng et al studied the electrochemical interfacial capacitance in multilayer graphene sheets and pointed out that the use of thick graphene sheets can enhance the capacitance. 13 Yoo et al made ultrathin planar graphene supercapacitors and the measured capacitance for 1-2 layer graphene and multilayer rGO electrodes are up to 80 μF/cm -2 and 394 μF/cm -2 , respectively. 14 For bulk graphite the higher interfacial capacitance on edge plane than basal plane was observed. 15 In our work, the electrochemically produced graphene consists of few-layer and multilayer flakes. The screening length for pristine graphene was measured about 1.2 nm. 16 For the graphene flakes that we produced, their conductivity is less than pristine graphene and thus the screening length would be larger. Inside the graphene film (~25 -nm-thick) made by vacuum filtration, graphene flakes are compactly stacked and charges are stored not only at the G/GO interface 6 but also at inner flakes and mainly at the edges, with the presence of an electric field. Hence, a space charge region in the graphene film contributes to higher capacitance, compared to the use of sole Au electrode.
Without using graphene film, D2 with the Au/GO/Au structure shows specific capacitance of hundreds of μF/cm -2 . It has been reported that the double layer capacitance of activated carbon was about 15-20 μF/cm -2
. 16 The specific capacitance of electrolyte supercapacitors using porous rGO electrodes is normally in the range of 200-400 μF/cm -2 .
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The relatively high capacitance of D2 indicates high dielectric constant of the GO film.
Supposing a double layer capacitor with two parallel Au films with interdistance of 400 nm and without any filler in the gap, the capacitance per unit area is given by C/A=ε 0 /d, as 0.022 μF/cm -2 , where A is the area, d is the gap between the metal electrodes, and ε 0 is the vacuum permittivity. We treat the D2 device as an ideal capacitor to calculate the capacitance by using the imaginary part of impedance, Z(Im), as C=-1/2πfZ(Im). According to the this equation the capacitance versus frequency is plotted in Fig.4(b) . In Fig. 4(a) , the capacitance of D2 decreases from 512 μF/cm -2 to 167 μF/cm -2 with the voltage scan rate increasing from 10 mV/s to 500 mV/s. In Fig. 4(b) , the capacitance of D2 is in the order of 10 2 μF/cm -2 if the AC frequency is below 0.67 Hz. The dielectric constant of the GO film against frequency can be deduced by ε r =Cd/Aε 0 , and the curve is plotted in Fig. 4(b) . It is surprising to see that the relative permittivity of GO is in the order of 10 4 when the AC frequency is below 75 Hz. Kou et al investigated the dielectric performance of a GO/polymide composite. At 100 Hz the ε r of polymide is ~3 but it increased up to ~1000 if doped with 1 wt% GO. 17 The ε r of GO film measured from our D2 device with a Au/GO/Au capacitor structure confirms that GO can be used as a high dielectric material, which may be used for capacitive energy storage.
In summary, solid state thin film capacitors were made by using wet-chemically produced GO and electrochemically exfoliated graphene. Two prototype devices, D1 and D2, 7 with a G(25 nm)/GO(350 nm)/G(25 nm) stacked film and a sole 400-nm-thick GO film, respectively, as spacer between two opposite Au films were used to study the effect of graphene electrode and GO dieldtric spacer on the capacitive performances. By comparing the two devices, we found that the use of graphene film electrode can increase the capacitance about two times. The capatance of devices with GO film spacer decreases with increasing the voltage scan rate or the AC frequency. High capacitance of 1410 μF/cm 2 was achieved from the D2 device with voltage scane rate of 10 mV/s. The D2 device with Au/GO /Au structure has capacitance order of 10 2 μF/cm 2 which is also comparable to that of graphene-based electrolyte supercapacitor, owing to the high dielectric constant of GO film.
We deduced that in the frequency range of 0.5-70 Hz, the relative permittivity of GO film is in the order of 10 4 . Our study suggests that the electrochemically-exfoliated graphene can be a good electrode mateial for supaercapacitors, while the highly-resisative GO, which can be 
